We have examined the effects of heme or vacuole deficiency on the kinetics of induction of cell surface ferrireductase activity and expression of the FREI gene encoding a component of ferrireductase, in response to iron or copper deprivation in S. cereuisiae. Heme deficiency caused a small decrease in the basal expression of FRE1, but did not impair its induction by Fe or Cu limitation. Thus, the absence of ferrireductase activity and its non-inducibility in heme-less cells is not due to the absence of FREI expression. Vacuole deficiency led to constitutively high ferrireductase activity slightly induced by Cu limitation, and to high levels of FREZ expression further inducible by Fe or Cu deprivation. Thus, the vacuole might be a component of the iron signalling pathway.
Introduction
Iron is an essential nutrient for all organisms, which acquire it through several different strategies. The facultative anaerobic yeast Succharomyces cereuisiae, a microorganism which does not secrete siderophores, takes up iron by a reductive mechanism which is induced in cells grown under iron limitation: external iron is first reduced by a transplasma membrane redox system before being taken up as the ferrous ion via specific transporters [1] (reviewed in [2] ). The structure, function and regulation of the ferrireductase, which can reduce a variety of ferric complexes as well as non-ferric compounds including copper, are still poorly understood. For example, it is not known why anaerobically grown cells and heme-deficient mutants are practically devoid of ferrireductase activity [3] . Attempts to purify the enzyme suggested that several components are required for its activity [2] . One of these components is the product of the gene FREl, which encodes a transmembrane protein with significant similarity to the gp91-phox subunit of the respiratory burst oxidase of human granulocytes [4] . The expression of FREI is induced by iron deprivation [4] , and two factors, Maclp [5] and Aft lp [6] , were identified which are required for the transcription of FREl and its regulation. However, the mechanism(s) by which these factors function and the signal transduction pathway that senses the iron status of the cells are largely unknown. Intracellular iron has been shown to be stored mainly in vacuoles, from which it may be redistributed to other cellular compartments [7.8] ; but iron movements within the cell are poorly characterized. The unexpected finding of a mechanistic link between copper uptake and iron transport [9. IO] made these problems even more complex.
In this report, we show that heme is required for the activity of the ferrireductase but not for the expression and regulation of FREI. and that the vacuoles are involved in the response of ferrireductase and FREI to iron limitation.
Materials and methods

I Strains and plasmids
The S. cererisiae strains used were: S 150-2B (Mutu, uru3, leu2, trpl. his31 and the isogenic heme-deficient strain S l50-2B/AH I (hemId): RH144-3D (Mutu, his4, leu2, uru3, burl) 
Growth conditions
Yeast cells were grown at 30°C with vigorous agitation. Minimal medium contained 0.67% yeast nitrogen base, 2% glucose, 0.1% casamino acids, and uracil and tryptophan (20 mg/l) when required. Tween 80 (0.2%) and ergosterol (30 mg/l) were added for culturing heme-deficient cells. The different chelators and effecters were added to cultures in early exponential growth phase (OD600nm = 0.05-O. 1; 5-10 X lo5 cells/ml), and the cells were allowed to grow for a further 8 h.
Assays
For P-galactosidase assays, cells were rapidly harvested by filtration on nitrocellulose filters, suspended in 1 ml of Z buffer and permeabilized with chloroform and SDS [ 141. The activity is expressed as Miller units ( Al,,) ,,, X lOOO/min/A,,,,,).
Values reported are the averages of duplicate assays for two or more independent transformants. Standard errors were < 20%. Ferrireductase activity was measured on whole cells quickly harvested by filtration and thoroughly washed. by recording the rate of formation of the Fe(B)-bathophenanthroline disulfonate (BPS) complex at 535 nm [l] . The activity is expressed as nmol Fe'+-BPS formed/min/A,,,,,,,,, of cells and the standard error was < 10%. Iron content of whole cells and iron concentration in the growth medium were measured after chelation with BPS [ 151.
Results and discussion
.E$xt.s of' metal chelators and ,fkrric, chelates
The expression of the FREI gene was analysed using a gene fusion of the FREI promoter with the E. coli 1ucZ reporter gene. Early exponential phase cultures of strain Sl50-2B carrying this gene fusion were exposed to different non-permeant metal chelators for 8 h and cells were taken at various time intervals for P-galactosidase and cell surface ferrireductase assays (Fig. 1) . The chelator concentrations used were those giving the largest response and did not impair growth (generation time 2 h). The addition of I mM ferrozine, a chelator of Fe(B), or 50 PM BPS, which chelates both Fe(B) and Cu(I), caused a continuous increase in FREI expression leading to 50-fold greater expression as compared to the control culture (Fig. 1A) ; this increase stopped about one cell division before entry into the stationary phase (not shown). After 8 h of growth in the presence of ferrozine or BPS, the iron content of the cells (0.8-l nmol/mg dry weight) was 2-fold lower than the control cells (1.6-1.8 nmol/mg dry weight), and the iron concentration in the medium was still 0.4-0.5 FM while control cells had taken up all iron initially present (I-1.2 PM). 50 PM bathocuproine sulfonate (BCS), a chelator of Cu(I), caused a 25-fold increase which declined after 4 h. Ferrireductase activity (Fig. IA, right panel) increased rapidly after the addition of the chelators to culminate after 4 h and then declined almost to the control value by 8 h. Several ferric chelates were also assayed. Unexpectedly, the addition of 10 mM Fe(III)-EDTA or 10 mM ferricyanide, which are good substrates of ferrireductase [ 11, caused a rapid increase in both FREI transcription (50-fold) and ferrireductase activity (15fold), followed by a sharp decline (Fig. 1B) . The presence of a blue precipitate in the culture with ferricyanide indicates the formation of 'Prussian blue' from fenicyanide + Fe(I1) or ferrocyanide + Fe(III), suggesting that ferricyanide might lead to iron deprivation. However, since both 10 mM ferrocyanide (not shown) and 0.1 mM KCN (Fig. 1B) can increase FREI expression and ferrireducase activity to substantial and similar levels, it is likely that cyanide ions, liberated from partial dissociation of the ironcyanide complexes, also play a role; they might, for example, chelate copper. A further layer of complexity in the effects of ferri-, ferro-cyanide and KCN is added by our observation that these compounds inhibit heme synthesis at the level of %uninole-vulinate formation (our unpublished results). The effects of Fe(III)-EDTA might be explained by chelation of copper (and other cations?) by free EDTA formed after the reduction of Fe(III)-EDTA to Fe(II)-EDTA, which is less stable. However, why the effects of ferricyanide and Fe(III)-EDTA stopped after 4 h is not clear at present. Finally, as expected from previous studies [ 161, Fe(III)-citrate (1 or 10 mM) did not induce FREl expression or fenireductase activity and inhibited the 2-3-fold increase in these activities observed in the control cells at the end of the exponential growth.
The absence of a strict coupling between the levels of induction of FREl and ferrireductase, especially after the addition of ferrozine or BPS, is worth mentioning. This cannot be explained by interference " &ram S I50-2B/JH I carrying the FREI-/ctcZ plasmid was grown and exposed to the different chelators as described in the legend of Fig.  I . Changes relative to the isogenic wild-type strain are shown in parentheses.
with FRE2, a recently discovered homologue of FREl [ 171, since its product contributes to no more than 5-87~ of total ferrireductase activity in our strain (P. Labbe and E. Lesuisse, personal communication). Other possible explanations are: post-transcriptional control of FREI, requirement for other differently regulated component(s) for ferrireductase activity, post-translational modification(s) of Fre I p leading to activation or inactivation of ferrireductase.
Effect of heme d&iency
Ferrireductase activity was practically undetectable in the isogenic heme-deficient strain (S 150-2B/AHl), and it could not be induced by metal chelators, in agreement with previous reports [3, 16] . In contrast, the expression of FREI was reduced only 3-4-fold in heme-less cells, and it could be induced by the addition of the different metal chelators and ferric chelates to extents similar to those observed in wild-type cells (Table 1) . Time courses of induction were similar to those of the wild-type strain except for ferricyanide and Fe(III)-EDTA: the induction proceeded almost linearly after a 2 h lag period (no peak of induction), emphasizing the role of ferrireductase in the effects of these ferric chelates. These results show that heme is necessary for the activity of ferrireductase independently of the expression and regulation of FREI. Heme might serve as a prosthetic group for electron transport or might control the synthesis of a yet unknown component of the ferrireductase.
Effect of cacuole deficienq
As the main iron-containing compartment [7, 8] . the vacuole is likely to play a role in iron homeostasis and iron-regulated processes. To test whether this is the case for FREl and ferrireductase expression, we used an endld mutant carrying a null allele of the gene END1 (also named PEPS, VPSII, CLSLS) [ 1 I]. This mutant belongs to class C of vacuolar mutants, which are characterized by the absence of visible vacuoles, although they accumulate numerous aberrant vesicular bodies [ 181. Ferrireductase activity was 6-fold higher in the endld mutant than in its isogenic parent; it was almost insensitive to iron deprivation but further increased 2.5%3-fold by copper chelators (Table 2 ). The expression of FREI was also higher in the mutant (15-20-fold), and could be induced 5-lo-fold after 4 h incubation with the different chelators (Table 2) . Interestingly, constitutively high levels of ferrireductase activity and FREl expression have also been reported in mutants carrying a MAClup' [5] or AFTI-1"' [6] allele and in a mutant deficient in Ctrlp, a plasma membrane protein directly involved in copper uptake and indirectly in ferrous iron transport [9] . The endld mutation did " Isogenic END/ and end/d strains carrying the FREl-IacZ plasmid were grown and exposed to the different chelators as described in the legend of Fig. I . Values reported are for cells assayed before (to) and 4 h after ( t4h 1 the addition of chelators. not significantly change the time course of these inductions, except for BCS which caused a continuous increase over at least 7 h in both FREI expression and ferrireductase activity (not shown). The iron content of the cells was the same in both the endld and END1 strains (1.7-2 nmol/mg dry weight). It has recently been shown that iron accumulated in a class C vacuolar mutant (uptl6) "displayed a diffuse distribution between cytosol and membranebounded compartments" [8] . We conclude that the vacuole plays an important role in the iron-sensing mechanism.
